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Abstract The novel five-Penning trap mass spectrom-
eter Pentatrap is developed at the Max-Planck-Insti-
tut fu¨r Kernphysik (MPIK), Heidelberg. Ions of interest
are long-lived highly charged nuclides up to bare ura-
nium. Pentatrap aims for an accuracy of a few parts
in 1012 for mass ratios of mass doublets. A physics pro-
gram for Pentatrap includes Q-values measurements
of β-transitions relevant for neutrino physics, stringent
tests of quantum electrodynamics in the regime of ex-
treme electric fields, and a test of special relativity. Main
features of Pentatrap are an access to a source of
highly charged ions, a multi-trap configuration, simul-
taneous measurements of frequencies, a continuous pre-
cise monitoring of magnetic field fluctuations, a fast ex-
change between different ions, and a highly sensitive
cryogenic non-destructive detection system. This paper
gives a motivation for the new mass spectrometer Pen-
tatrap, presents its experimental setup, and describes
the present status.
1 Introduction and motivation
The mass of a nuclide is an important parameter in many
fields of physics and reflects all forces acting in the nu-
cleus [1,2,3]. The necessary relative uncertainty of the
mass measurement depends on the physics being inves-
tigated and ranges from δm/m ≈ 10−7 − 10−8 in the
field of nuclear physics [4,5,6] and astrophysics [7,8,9,
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10], down to the smallest possible uncertainties of bet-
ter than 10−11 for tests of fundamental interactions and
their symmetries [11,12,13,14,15,16,17,18,19,20,21,22,
23].
Penning traps are nowadays the most suitable devices for
high-precision mass measurements of nuclides. The mass
is determined via the measurement of the free-space cy-
clotron frequency
νc =
1
2pi
qB
m
(1)
of an ion with charge-to-mass ratio q/m stored in a ho-
mogeneous magnetic field B. Frequencies can generally
be measured with very high precision. Therefore, relating
a mass measurement to a frequency measurement is ad-
vantageous. The most accurate mass measurements with
a relative uncertainty below 10−11 have been performed
with light and stable atoms and molecules created inside
the trap volume [24,25,26,27,28].
At present, direct access to highly charged stable ions
and an accuracy of a few 10−10 in the mass determi-
nation are solely realizable at the Smiletrap Penning
trap facility [29,30]. In the near future, the Titan facil-
ity aims to carry out high-precision mass measurements
on highly charged radionuclides [31]. Both experiments
use the time-of-flight ion cyclotron resonance measure-
ment technique [32] and presently cannot provide access
to heavy highly charged ions. The Pentatrap experi-
ment is currently being built at the Max-Planck-Institut
fu¨r Kernphysik in Heidelberg, in order to access stable
and radioactive highly charged heavy nuclides up to ura-
nium, and to measure their mass ratios with an accu-
racy of few parts in 1012. To enable these ultra-high ac-
curacies, Pentatrap employs a non-destructive image-
current detection technique [33], using a highly sensitive
cryogenic detection system and a stack of five Penning
traps.
The mass ratios measured at Pentatrap will contribute
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to a determination of neutrino properties [3,34]. To this
end, the mass difference between the initial and final nu-
cleus of radioactive processes of interest must be deter-
mined. Examples are the electron capture process
163Ho + e−→ 163Dy + νe [35] and the β-decay
187Re→ 187Os + e−+ ν¯e [36]. In combination with cryo-
genic microcalorimetry, these measurements might en-
able one to probe the neutrino mass at a sub-eV level
[37]. Another application for Pentatrap are stringent
tests of quantum electrodynamics in the regime of ex-
treme fields. Here, the determination of the binding en-
ergy of the last remaining 1s electron in highly charged
208Pb is planned at the level of better than 1 eV, which
would exceed the present precision of X-ray spectroscopy
[38] by at least a factor of three. The high-precision
mass measurements of Pentatrap can also contribute
to tests of fundamental symmetries and constants, e.g.,
to a direct test of the mass-energy relationship of the
relativistic theory. Here, highly accurate mass measure-
ments of atomic mass differences of nuclides involved
in neutron capture processes combined with γ-ray spec-
troscopy allow a determination of nuclear binding ener-
gies [23].
This article is structured as follows: The basic principles
of Penning trap mass spectrometry will be summarized
in Sec. 2. In Sec. 3 the novel design of the Pentatrap
experiment and its specific features, followed by the ion
detection system in Sec. 4, will be presented. Finally,
Sec. 5 deals with the exploration of different measure-
ment schemes.
2 Principles of high-precision Penning trap mass
spectrometry
The storage of a charged particle in an ideal Penning trap
is realized through a superposition of a strong homoge-
neous magnetic field and a weak electrostatic field for ra-
dial and axial confinement, respectively [39]. The three-
dimensional quadrupolar electrostatic potential near the
trap center can be created by electrodes formed either
as hyperbolas of revolution (Fig. 1(a)) or as a cylindri-
cal trap structure (Fig. 1(b)). Cylindrical structures are
often used due to their easier manufacturing and free
access to the trap center for particle loading [40]. The
resulting ion motion is a superposition of three modes
(Fig. 1(c)). In the axial direction the ion performs a har-
monic motion with the frequency
νz =
1
2pi
√
q
m
U0
d20
, (2)
with U0 the voltage applied to the ring electrode (see
Fig. 1), and d0 a geometrical parameter characterizing
the trap size [40]. The radial motional frequencies called
modified cyclotron frequency ν+ and magnetron frequency
ν− are given by
ν± =
νc
2
±
√
ν2c
4
− ν
2
z
2
. (3)
The invariance theorem [41] gives the relation between
the free-space cyclotron frequency and the eigenfrequen-
cies, which is
ν2c = ν
2
z + ν
2
+ + ν
2
−, (4)
and is even valid in the case of harmonic imperfections of
the electrical field and misalignments between the elec-
tric and magnetic field axis [39]. A measurement of all
three ion frequencies thus results in a determination of
the ion’s mass (see Eq. (1)). In the case of determining
mass ratios, the strength of the magnetic field ideally
cancels out by alternatingly measuring the cyclotron fre-
quencies.
In a real trap, the ion’s eigenfrequencies can be affected
by, e.g., anharmonicity of the electric potential or in-
homogeneity of the magnetic field [39], which leads to
an increase of the uncertainty of mass measurements.
Using a five-electrode trap structure with suitable geo-
metric parameters (see Fig. 1), a sufficient suppression
of anharmonic terms in the electric potential around the
trap center can be achieved. Unlike the electrostatic po-
tential, higher order terms in the Legendre polynomial
expansion of the magnetic field, especially the second
order term responsible for a magnetic bottle, often can-
not be tuned as easily. Therefore, only superconducting
magnets with a high spatial homogeneity are used in
high-precision Penning-trap mass spectrometry. More-
over, the real magnetic field shows a temporal drift and
short-term fluctuations [42,43]. Thus, a magnetic field
stabilization [44] and a fast measurement of the fre-
quency ratio is essential to gain very high precision.
3 Experimental setup
The new high-precision mass spectrometer Pentatrap
will be installed at the Max-Planck-Institut fu¨r Kern-
physik in Heidelberg. An overview of the experimental
setup is shown in Fig. 2. In this section, the components
of the mass spectrometer are discussed.
Ion sources
Well-proven sources for highly charged ions are elec-
tron beam ion traps (EBITs) [46,47]. Such devices have
demonstrated to deliver ions up to Cf96+ [48,49,50]. At
Pentatrap, highly charged long-lived and stable ions
will be provided by two EBITs: a small commercial room
temperature Dresden-EBIT3 [51,52,53] (see Fig. 3(a))
with an additional Wien filter, and the Heidelberg-EBIT
[54,55,56].
Dresden-EBIT3 is dedicated to the production of bare
ions with nuclear charge numbers up to Z = 30. For ele-
ments with higher nuclear charge number, complete ion-
ization is not possible. Thus, only ions up to helium-
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Fig. 1: Sketch of a five-electrode hyperboloidal (a) and cylindrical (b) Penning trap consisting of ring, correction and
endcap electrodes. (c) shows the complete ion motion in a Penning trap (dashed line), which is a superposition of
three modes with amplitudes ρ+, ρ− and ρz.
or neon-like charge states can be produced for medium-
and high-Z elements, respectively. This ion source will
be used for the commissioning of Pentatrap and for
the investigation of its performance. Moreover, this ion
source can be used to produce ions for measurements
in the field of neutrino physics. The production of os-
mium and rhenium ions with natural abundances with
charge states up to about 50+ has been demonstrated
(see Fig. 3(b)).
For physics applications, which require extremely high
charge states of long-lived and stable nuclides, e.g., bare
or hydrogen-like lead or uranium, Pentatrap will ob-
tain ions from the Heidelberg-EBIT. Currently, the max-
imum electron beam energy of 100 keV allows a produc-
tion of ions such as helium-like mercury Hg78+[57] or hy-
drogenic barium Ba55+, and stripping all electrons from
elements up to krypton Kr36+. For the extracted highly
charged ion beam from the Heidelberg-EBIT, a beam
emittance of 3·pi·mm·mrad has been demonstrated, which
meets the requirements for the transport through the
Pentatrap beamline and capture in the Penning traps.
In Tab. 1, the calculated charge breeding performance
of the Heidelberg-EBIT for some example ions at fixed
electron beam energies is listed. In addition, Fig. 4 shows
the calculated charge state production of iron ions as a
function of the charge breeding time in the Heidelberg-
EBIT. An upgrade of this device, planned for the near
future, will enable the production of bare uranium.
Future prospects include plans to move the Pentatrap
mass spectrometer to the Hitrap facility [45] at the
Helmholtzzentrum fu¨r Schwerionenforschung GSI, where
access to low-emittance beams of highly charged short-
lived ions up to bare uranium with charge-specific kinetic
energies of only a few kV·q will be provided.
Transfer beamline and beam diagnostics
Table 1: Calculated charge breeding performance of the
Heidelberg-EBIT for different electron beam energies
Ee. Parameters used for this calculation are an electron
beam current of 500 mA and an electron/ion overlap of
0.1. Here, tion and C
40%
trap are the ionization time and the
trap capacity at 40 % compensation of the ions. In gen-
eral, the trap capacity represents the number of positive
charges in the trap.
ion Ee ions in tion C
40%
trap
(keV) charge state (s)
Ne10+ 5 60 % 0.016 7.2·107
Ar18+ 20 60 % 0.19 2.0·107
Kr34+ 60 60 % 0.54 6.1·106
Xe52+ 120 60 % 3.0 2.8·106
Pb54+ 160 10 % 0.27 3.9·105
Pb72+ 160 10 % 1.7 2.9·105
Pb80+ 160 10 % 7.4 2.6·105
Pb81+ 160 1 % 9.5 2.6·104
Pb82+ 160 0.1 % 17 2.6·103
An approximately 2 meter long ion beamline will inter-
face the Dresden-EBIT3 ion source with the Penning
traps (see Fig. 2). It consists of a series of electrostatic
einzel lenses, two pulsed drift tubes, drift regions and two
diagnostics stations. The einzel lenses allow an efficient
transport of the ions towards the magnet and match the
ion beam emittance to the acceptance of the magnetic
field. Two pulsed drift tubes are used for a reduction of
the kinetic energy of the ions from a few kV·q down to
few V·q to ensure, together with the lens system, an effi-
cient injection of the ions into the magnetic field, and to
enable a capture of the ions in the traps. The ion trans-
port from the ion sources to the magnet, the injection
into the magnetic field, and the capture of the ions into
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Fig. 2: Layout of the experimental setup. Ions will be
created by either a commercial electron beam ion trap
(EBIT) or the Heidelberg-EBIT. At GSI, ions might be
obtained from the Hitrap facility [45]. The ions will
pass the beamline towards the superconducting mag-
net, which is situated in a temperature-stabilized and
pressure-regulated room in the basement. The beam di-
agnostic elements and the electrostatic lens system are
shown. The cryogenic chambers for the trap tower and
the detection electronics are placed inside the cold bore
of the magnet.
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Fig. 3: (Color online)(a) Photograph of the Dresden-
EBIT3 setup. (b) Count rate of Os-ions extracted from
the Dresden-EBIT3 and detected with a multi-channel
plate detector for different mass-to-charge ratios. The
setup was operated with a trapping time of 800 ms, an
electron current and energy of 30 mA and 7.9 keV, re-
spectively, a trap depth of −100 V and an ion energy of
4.9 kV·q. Osmium ions as well as various types of molec-
ular fragments are produced by sublimation of osmocen
Os(C5H5)2 before the gas is fed into the trapping vol-
ume and ionized. The osmium in the compound has the
most frequent natural abundances of 40.78% (192Os),
26.26% (190Os), 16.15% (189Os), 13.24% (188Os) and
1.96% (187Os). In the spectrum, the resolving power was
not high enough to resolve the different Os isotopes. It
is possible to create charge states up to 52+. Later en-
riched osmocen will be used to produce more 187Os ions.
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Fig. 4: (Color online) Calculated fraction of Fe ions in
charge state n+ versus charge breeding time after injec-
tion into the Heidelberg-EBIT. An electron beam cur-
rent of 500 mA and an electron/ion overlap of 0.1 are
assumed. The electron beam energy is set to 20 keV. For
charge breeding times greater than 2 s, 85 % of the Fe
ions are bare.
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Fig. 5: (Color online) Beam diagnostic system consisting
of a Faraday cup (FC) and a multi-channel plate (MCP)
detector with attached phosphor screen (PH).
the traps have been simulated with the software package
SimionTM [58] in order to optimize the voltage settings
for an efficient transport. For an ion beam emittance of
3·pi·mm·mrad and a kinetic energy of 7 kV·q, the effi-
ciency of the simulated ion transport and injection into
the magnetic field exceeds 95%. The efficiency of the ion
capture in the traps is a few ten percent for an ion bunch
of a few hundred nanoseconds length.
In order to monitor the ion beam transport, two mov-
able diagnostic stations will be placed in the focal planes
of the ion beamline. The first diagnostic station will be
installed directly behind the Dresden-EBIT3 for a mea-
surement and optimization of the ion beam parameters.
The second diagnostic station will be mounted close to
the entrance region of the magnet for monitoring the
ion beam position and emittance right before the injec-
tion into the superconducting magnet. Figure 5 shows
the beam diagnostic station used at Pentatrap. Each
station is equipped with a Faraday cup (FC) to measure
the ion beam current and a two inch multi-channel plate
(MCP) detector with phosphor screen (PH) to monitor
the size and position of the ion beam.
Superconducting magnet system
Pentatrap utilizes a commercial 7 Tesla, actively
shielded (shielding factor >100) superconducting mag-
net with a vertical bore and an inner diameter of 160 mm
(Fig. 6(a)). In the cold-bore “bucket-type” cryostat, the
same helium reservoir is used to cool the magnet’s super-
conducting coils as well as the Penning trap assembly.
The spatial homogeneity of the magnetic field ∆B/B
is in the order of a few ppm in the central 1 cm3 vol-
ume. The ions’ oscillation amplitudes will not exceed a
few ten µm [60]. In the total trap volume, defined by a
cylinder of 2.5 mm radius and 120 mm length along the
axis of the bore tube, the spatial homogeneity amounts
to about 25 ppm. The measured magnetic field profile is
shown as contour plot in Fig. 6(b). The magnetic field
gradient in the region of the traps will be flattened by
compensation coils wound around the trap chamber.
A stabilization system is planned to improve the overall
temporal stability of the magnetic field ∆B/B · 1/∆T
to at least a few ten ppt per hour. It has already been
shown that such stabilities can be reached [44]. In the
following, the main characteristics of the stabilization
system are presented.
A main feature is the stabilization of the pressure and
level in the liquid helium reservoir of the superconduct-
ing magnet. The helium level control will be based on the
stabilization of the resonance frequency of a tuned cir-
cuit which is placed partially in liquid helium. The pres-
sure stabilization is based on a temperature-stabilized
gas vessel that serves as a pressure reference. Attainable
values for the level and the pressure stabilities are esti-
mated to be in the 0.1 mm and µbar range, respectively.
Moreover, in order to reduce external influences on the
magnetic field, the magnet is positioned in a vibration-
damped, temperature-stabilized and pressure-regulated
room. The peak-to-peak variation of the temperature
over one day is specified below 0.1 K. Figure 7 shows the
measured temperature over about three weeks as well
as the overlapping Allan deviation [61] calculated from
these values. For a time slice of one day, the Allan de-
viation is about 0.02 K. However, the measurement was
carried out with almost no electrical power load in the
lab. The magnet is equipped with three anti-vibration
pneumatic pads and rests on a vibration-damped, 70 cm
thick cushion made of concrete. The vibration amplitude
of the cushion does not exceed 1 µm. An aluminum hous-
ing around the magnet will be installed for shielding the
magnet against stray electric and high-frequency mag-
netic fields.
Furthermore, the vertical component of large-scale, low-
frequency magnetic fields will be compensated via a feed-
back control system based on a flux-gate magnetometer
6 J. Repp et al.
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Fig. 6: (Color online)(a) Photograph of the Pentatrap magnet and its installation in the temperature stabilized
and pressure regulated room. The magnet is installed on vibrationally damped feet. (b) Contour plot of the magnetic
field values on different angles on a circle with 2.5 mm radius along the axis of the bore tube. The spatial homogeneity
over the 12 cm central region of the magnet is about 25 ppm. Moreover, in a volume of one cubic centimeter in the
center of the Penning trap stack, the spatial homogeneity of the magnetic field was determined to be in the order of
a few ppm.
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Fig. 7: Temperature behavior over approximately three weeks in a closed volume around the Pentatrap magnet
(a) and the resulting overlapping Allan deviation (b) calculated with AlaVAR 5.2 [62].
and a pair of Helmholtz coils positioned around the mag-
net [44]. To correct these fluctuations, a current is gen-
erated which is proportional to the current required to
null the variations in the magnetic field at the location
of the flux-gate. This current is scaled and applied to
the Helmholtz coil pair. An overall shield factor, which is
the product of the compensation factor of the Helmholtz
coils and the self-shielding factor of the magnet is esti-
mated to exceed 1000. Figure 8(a) shows the magnetic
field in the magnet room measured with the flux-gate
magnetometer at night, when there is less environmental
interference than during daytime. The effect of disturb-
ing factors on the magnetic field is shown in Fig. 8(b).
The biggest disturbance is caused by the movement of
the heavy duty bridge crane inside the accelerator build-
ing above the Penning trap laboratory.
Cryogenic assembly
The part of the system which is inserted into the bore of
the magnet and thereby cooled to a temperature of 4 K
is called the cryogenic assembly (see Fig. 2 and Fig. 9).
It consists of two joined copper vacuum chambers for
the trap and the electronics, which are connected to the
warm beamline at the top of the magnet with a one me-
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Fig. 8: (a) Vertical earth magnetic field at night. (b) Examination of environmental influences, such as the movement
of several cranes, the roof of the EBIT lab, and the elevator in the building during a standard working day. In both
cases, the field was measured with a flux-gate magnetometer. The Heidelberg-EBIT situated above the Pentatrap
experiment was not in operation and the superconducting magnet had not yet been installed.
ter long DN16 stainless steel tube. The trap chamber,
containing a stack of five cylindrical traps, is mechani-
cally connected to the electronics chamber and the stain-
less steel tube with two flexible titanium bellows. In com-
bination with a translation and tilt stage, this enables an
independent adjustment of the angular (±1◦) and hori-
zontal (±2.2 mm) positions of the traps with respect to
the axis of the magnetic field. Despite the open system,
an ultra-high vacuum of better than 10−13 mbar in both
chambers is achieved through cryo-pumping at the 4 K
surface and by using charcoal absorbers in both cham-
bers. Since the electronics chamber houses “in-vacuum”
cryogenic resonators and amplifiers (see Chap. 4), a di-
rect coupling of the resonators to the trap electrodes is
provided.
Materials were chosen thoroughly with respect to appro-
priate mechanical properties, such as matching thermal
expansion coefficients and low magnetic susceptibilities.
The trap chamber, as well as the electronics chamber are
made of oxygen-free, high thermal conductivity (OFHC)
copper with a purity greater than 99.99%. The bellows
are made of titanium grade 2, which remains flexible at
4 K. The components of the translation and tilt device
(Fig. 9) are made of phosphorous bronze (CuSn8). Fiber
glass (G10) tubes are used to actuate the translation
and tilt device. Special, electrical non-magnetic copper
feedthroughs without any nickel alloy, which is the stan-
dard brazing material, are used. For thermal insulation,
highly polished aluminum radiation shields are installed.
Penning traps
A stack of five identical, cylindrical, orthogonalized and
compensated five-electrode traps comprises the heart of
Pentatrap (see Tab. 2 and Fig. 10). The compensa-
tion of the traps provides a harmonic electric potential
in the traps’ central regions by tuning the applied volt-
ages. The orthogonalization of the traps makes the axial
oscillation frequency of the particle less sensitive to the
correction voltage. In general, the electrostatic potential
of a Penning trap can be expressed throughout a Tay-
lor expansion [63], and the influence of the electric field
coefficients on the ion modes can be determined as done
for the cylindrical trap in [64]. For the analysis of the
electrostatic potential and the elaborate design studies
of the five traps of Pentatrap, see the following article
in this issue [65], in which image charge effects, mutual
influence of the trapping potential of the adjacent traps,
ion-ion interaction between two ions stored in different
traps and the influence of machining tolerances on the
performance of the traps are considered.
In order to keep influences on the magnetic bottle term
small, low magnetic susceptibility materials are used for
the traps. Thus, the electrodes are made of >99.999 %
OFHC copper, and the insulators between them of sap-
phire. Moreover, patch potentials on the electrode sur-
faces have to be avoided, since they influence the elec-
tric storage potential seen by the ion. Therefore, the
trap electrodes are galvanically gold-plated with a 20µm
thick layer in a pure gold bath without any organic or
inorganic additives that are commonly used to enhance
shine. The traps are fabricated with a tolerance of about
±2µm, and galvanically processed with a tolerance of
better than ±3µm, leading to a total tolerance of about
5µm.
Measurements of the cyclotron frequencies of ions of in-
terest will be performed in the three inner traps, labeled
2-4 in Fig. 10, whereas the outer traps 1 and 5 will serve
for ion storage, and in some cases, for monitoring mag-
netic field fluctuations or as a reference for the voltage
source. The measurement procedure and individual func-
tions of the particular traps are discussed in detail in
Sec. 5.
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Fig. 9: (Color online) (a) Exploded assembly-drawing of the cryogenic part of Pentatrap with close to 1200
components in total. Main components are the trap chamber with the Penning trap stack inside, a translation
and tilt stage outside, and the electronics chamber including resonators and amplifiers. An anchor flange will fix the
vertical position of the system. To avoid heat transfer, several radiation shields as well as fiber glass rods (G10) are
installed. (b) Photograph of a fraction of the cryogenic part.
4 Ion detection
The variation of the cyclotron frequency as a function of
the variation of the ion’s eigenfrequencies follows from
Eq. (4) and is given by
∆νc
νc
=
(
ν+
νc
)2
· ∆ν+
ν+
+
(
νz
νc
)2
· ∆νz
νz
+
(
ν−
νc
)2
∆ν−
ν−
. (5)
For example, the eigenfrequencies of 187Os45+ are
ν+ = 25.86 MHz, ν−= 6.96 kHz and νz = 600 kHz, corre-
sponding to a magnetic field of 7 T and a trapping volt-
age U0 =−20.45 V. In order to measure νc with a preci-
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Fig. 10: (Color online)(a) Schematic of the five trap setup. The lower graph shows the magnetic field along the axis.
The total length of the trap is constrained by the homogeneous region of the magnet (see also Fig. 6). For further
details see text. (b) Photograph of the Penning trap assembly.
Table 2: Main trap parameters of a single trap. The di-
mensions of the Penning trap electrodes as well as the
dependence of the axial frequency on the ratio TR =
UC/U0 (tuning ratio) of the correction UC and the ring
voltage U0 are shown. In the case of a vanishing fourth
order expansion coefficient of the electric field, the tun-
ing ratio is 0.881. A measure of the influence of the
correction voltage on the axial frequency compared to
the influence of the ring voltage is the term d2/c2, with
d2 = ∂c2/∂TR. For more details, especially the uncer-
tainties of the last two values, see [65].
Parameter Value
overall length 24 mm
endcap electrode 7.040 mm
length of correction electrode 3.932 mm
ring electrode 1.457 mm
inner radius 5 mm
gaps between electrodes 0.15 mm
|∆νz/∆TR| < 2.5 Hz/mUnit
d2/c2 < 0.01
sion of a few parts in 1012, one has to measure ν+, νz
and ν− with a relative precision of about 10−12, 10−9 and
10−5, respectively. Consequently, the main challenge is
to achieve the necessary precision in the determination
of ν+. In this section, the basic principles of the ion de-
tection and the resulting experimental constraints are
discussed.
At Pentatrap, the non-destructive measurement of the
eigenfrequencies of the stored ions is carried out with the
image-current detection technique [33]. As a result of the
ions’ oscillation, image currents I
I = 2pi
q
D
νiρi (6)
are induced in the trap electrodes, where νi is the respec-
tive eigenfrequency and ρi the corresponding motional
amplitude. D is a characteristic length defined by the
geometry of the trap. Typically the induced currents I
are in the fA range. These tiny currents can be detected
with highly sensitive detection systems, which are con-
nected to the trap electrodes. Such a detection system,
technically described in [66], employs a tank circuit that
consists of an inductor L and the system’s total capaci-
tance C. The total capacitance C = Ct+Cc+Cp is given
by the trap capacitance Ct, the capacitance of the coil
Cc and other parasitic capacitances Cp. At the tank cir-
cuit’s resonance frequency 2piν0 =(LC)
−1/2, the effective
resistance is Rres = 2piν0QL, where Q is the quality fac-
tor of the tank circuit. Tuning the resonance frequency
of the detector to the eigenfrequency of the particle, the
tiny image current I causes a voltage drop V =RresI,
which is amplified by an ultra low-noise amplifier and
analyzed with a FFT spectrum analyzer.
In order to work at high signal-to-noise ratios, the whole
trap system is operated at cryogenic temperatures (4 K).
In this environment, superconducting alloys (NbTi) can
be used for the inductors, which leads to high quality fac-
tors [67]. Furthermore, at 4 K the equivalent input noise
density en of the amplifiers is reduced, e.g., en amounts
to approximately 700 pV/Hz1/2 for the axial amplifier
at ν0 = 600 kHz. The field-effect-transistors (FETs) used
for the amplifiers are based on GaAs. Due to the small
band-gap of this semiconductor, charge carriers do not
freeze out completely and suitable performance under
10 J. Repp et al.
Table 3: Measured values of the inductance L, capaci-
tance Cc, number of turns N , and unloaded quality fac-
torQ∗ of the detection coils designed for the Pentatrap
experiment. Connected to the Penning trap, resonance
frequencies of about 600 kHz for the axial, and of about
27 MHz for the modified cyclotron frequency detection
will be realized.
Coil L (µH) Cc (pF) N Q
∗
toroidal axial ≈ 3400 ≈ 7 ≈ 800 > 75000
helical cyclotron ≈ 1.9 ≈ 3.2 13 > 3550
cryogenic conditions is assured. The common-source am-
plifiers have a high input resistance better than 10 MΩ
and provide an amplification higher than 10 dB at cryo-
genic temperatures. In Tab. 3, typical parameters of the
axial and cyclotron detection coils are listed. Fig. 11
shows the overall detection system as schematic and pho-
tograph.
When coupled to the detection system, the particle cools
resistively to the ambient temperature of the detection
system [33] with a cooling time constant
τ =
m
q2
D2
Rres
. (7)
Depending on the electrode chosen for the axial signal
pickup and for typical values of the loaded Q, the es-
timated cooling constant at Pentatrap ranges from a
few seconds for low charged ions down to a few millisec-
onds for highly charged ions. The cooling time constant
of the reduced cyclotron motion is estimated to range
from seconds to a few minutes for highly and low charged
ions, respectively. Thus, higher charge states are prefer-
able because the measurement cycle can be kept shorter
and the ions are confined to a smaller volume. When the
ions are in thermal equilibrium with the detection cir-
cuit, which is in direct contact with the liquid helium at
4 K, they short out the thermal noise of the tuned circuit,
and a dip occurs in the FFT spectrum with a minimum
at the eigenfrequency of the particle [33]. Thereby, the
respective eigenfrequency νi of the trapped ion can be
directly measured by determining the frequency of the
minimum in the noise spectrum of the detection system.
In a frequency measurement, which is carried out detect-
ing the noise dip, the trapped particle is at low temper-
atures, which corresponds to low amplitudes. Thus, the
ion is less affected by electric and magnetic field errors.
Due to the very narrow and commonly not resolvable
noise dip of the modified cyclotron frequency ν+, the
noise-dip detection technique is applied only to mea-
sure the axial frequency νz of the particle. The radial
frequencies ν+ and ν− are measured indirectly via reso-
nant sideband coupling [68]. Applying a radiofrequency
drive signal with frequency νrf = ν± ∓ νz to the trap, a
double-dip structure occurs in the thermal noise spec-
trum of the detector. By determining the frequencies of
both dips, the modified cyclotron frequency ν+ and the
magnetron frequency ν−, respectively, can be calculated
as described in [68].
Another possible technique to measure the modified cy-
clotron frequency ν+ uses phase-sensitive detection. Com-
pared to the double-dip detection technique, it is faster
[59] and therefore less sensitive to magnetic and elec-
tric field fluctuations. Phase fluctuations are a limiting
factor, which can only be minimized through longer mea-
surement times or by increasing the signal-to-noise ra-
tio. The latter can be achieved by an excitation of the
particle’s motional amplitudes. In this context, the use
of highly charged ions is advantageous since lower am-
plitudes are needed to obtain a sufficient signal, and
therefore the ion experiences fewer anharmonicities of
the storage fields. More details are given in [65].
A well-proven phase-sensitive method to measure the
modified cyclotron frequency ν+ with low uncertainty
down to a level of 10−11 is the so-called Pulse-aNd-Phase
(PNP) technique [69]. In this technique, the modified cy-
clotron motion of the previously cooled ion is first excited
to a fixed amplitude and starting phase. After some well-
defined phase evolution time, a coupling pulse is applied
that swaps the phase of the cyclotron and axial modes.
Thus, the modified cyclotron phase can be determined
by measuring the axial phase after different phase evo-
lution times. The knowledge of the modified cyclotron
phase and the phase evolution time leads to a determi-
nation of the modified cyclotron frequency.
For the ultra high-precision experiments with Penta-
trap, it is planned to apply a novel phase-sensitive tech-
nique introduced by S. Sturm et al. [60] for the measure-
ments of ν+. Similar to the well-known PNP technique
this Advanced-Pulse-aNd-Phase (APNP) technique al-
lows the direct extraction of the phase information of
the cyclotron motion from the digitized axial signal. In
the APNP method, in contrast to the PNP method,
cyclotron-to-axial-coupling is applied at the sum frequency,
producing parametric amplification of the resulting axial
motion. This allows cyclotron measurements with sub-
stantial smaller initial cyclotron amplitudes, in principle
independent of the detector performance, hence reducing
energy-dependent systematic shifts. This allows a mea-
surement of ν+ with higher precision in a shorter time.
The main experimental features to achieve the required
precision are a 4 K environment, a stable magnet system
(see Sec. 3) and fast measurement cycles (see Sec. 5)
to reduce the effect of magnetic noise, as well as a sta-
ble voltage source to achieve ∆νz/νz ≤ 10−9. Therefore,
even when νz is taken as the average over many measure-
ments, the ring voltage must be stable on a level of a few
parts in 108 over a few minutes. There are no commercial
voltage sources available which fulfill these requirements.
To this end, the electronics workshop at MPIK in collab-
oration with the Physikalisch-Technische Bundesanstalt
Braunschweig (PTB), Germany, is currently developing
a highly stable voltage source covering a voltage range
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Fig. 11: (Color online)(a) Schematic and photograph of the axial detection system. The superconducting toroidal
coil is made of a few hundred (≈ 800) niobium-titanium windings around a teflon torus and is placed in a cylin-
drical housing made of high-purity OFHC-copper. The amplifier has a common-source input stage with high input
impedance and extremely low equivalent input noise. The system will be operated at νz ≈ 600 kHz. (b) Schematic
and photograph of the cyclotron detection system, which is designed for the detection of ions with m/q values be-
tween about 4.0 u/e and 4.5 u/e corresponding to resonance frequencies ν+ between about 24 MHz and 27 MHz. The
cyclotron detection coil has solenoidal geometry and copper windings.
between 0 and −100 V. Design parameters are a voltage
stability of < 4·10−8 /(10 min), a resolution of < 10µV
and a temperature stability of < 4·10−7 /K.
Pentatrap aims to address a broad spectrum of q/m-
ratios. Therefore, axial tank circuits are the main detec-
tion circuits in the inner traps 2, 3 and 4 (see Fig. 10).
Different charge-to-mass ratios can then be brought in
resonance with the circuits by simply changing the trap-
ping voltage (see Eq. (2)) and the radial frequencies ν±
will be measured via their coupling to the axial tank cir-
cuit as previously discussed. For test purposes the inner
traps will be equipped with cyclotron tank circuits whose
resonance frequencies can be tuned to a specific q/m-
ratio. In the outer traps 1 and 5 (see Fig. 10) the fluctu-
ations of the magnetic field will be monitored by a direct
measurement of ν+ of, e.g., He
+ ions. Here, the main de-
tection circuit is the cyclotron tank circuit, and the axial
tank circuit will serve for test purposes, measurements
of fluctuations of U0 as well as for the ion preparation.
Figure 12 schematically shows a planned configuration
of the detection circuits. For manipulating the eigenmo-
tions of the stored ions, an axial and radial dipolar exci-
tation will be possible in each trap. Moreover, the design
allows for a mode coupling via a quadrupolar excitation.
The DC-voltages for the Penning trap and amplifier sup-
ply will be filtered at room temperature as well as at
4 K. The ion signal has to be amplified again at room
temperature. Therefore, four cyclotron room tempera-
ture amplifiers with subsequent mixers (ZFL-500LN and
ZAD6+ from Mini-Circuits), as well as four axial room
temperature amplifier boards with included down con-
verters (AF-DC-b from Stahl Electronics) are situated
on the magnet’s top flange.
5 Measurement procedure
Pentatrap is the first Penning trap experiment to use
in one setup a stack of five Penning traps for high-precision
mass measurements. Since the effect of magnetic field
fluctuations and drifts generally increases with time, it
is indispensable that both the measurement of the fre-
quency ratio and the particle preparation are done fast.
An application of an FT-ICR measurement principle where
two ions are stored simultaneously in one trap and drifts
consequently cancel out since they affect the ions in the
same way, is not applicable in our case. The perturbation
due to the Coulomb interaction of the highly charged
ions would increase the systematics and would make a
high-precision mass measurement impossible [65]. A so-
lution is the use of a set of Penning traps, assuming that
the temporal variation in the magnetic field is largely
common to the different traps. Moreover, with a set of
five Penning traps a variety of measurement schemes is
possible to determine mass ratios.
A measurement scheme of first choice implies the us-
age of traps 3 and 4 (see Fig. 10) to measure the cy-
clotron frequencies of two ionic species simultaneously.
The measurement sequence is carried out as follows (see
Fig. 13): First, ions with the same charge state and with
masses m1, m2 and m1 are loaded into traps 2, 3 and
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Fig. 12: Sketch of a proposed cryogenic detection and excitation system for Pentatrap consisting of four axial and
four radial tank circuits with high-Q inductors. Low-noise cryogenic amplifiers will complete the cryogenic detection
system. Each trap will be connected to two excitation lines to apply dipolar as well as quadrupolar excitations. The
position of the segmented electrodes is shown.
4, respectively (Fig. 13(a)). The cyclotron frequencies of
the ions νc(m2)
(1) and νc(m1)
(1) in traps 3 and 4 are
measured simultaneously, and the ratio of their frequen-
cies R(1) = νc(m2)
(1)/νc(m1)
(1) is determined according
to Eq. (1) to be R(1) =m1/m2·B(1)3 /B(1)4 , where B(1)3 and
B
(1)
4 are the magnetic field strengths in trap 3 and 4 av-
eraged over this measurement. After the measurement is
completed, the ions are adiabatically moved into the ad-
jacent traps (Fig. 13(b)), so that trap 2 becomes empty,
traps 3 and 4 are loaded with the ions with mass m1 and
m2. The ratio of the cyclotron frequencies is measured
again, R(2) = νc(m2)
(2)/νc(m1)
(2) = m1/m2 · B(2)4 /B(2)3 ,
where B
(2)
4 and B
(2)
3 are the magnetic field strengths in
trap 4 and 3, averaged over the second measurement pe-
riod. The square root of the product R(1) and R(2) yields
the m1/m2-ratio, assuming the ratio of the magnetic
field strengths is time-independent. Thus, unavoidable
temporal magnetic field fluctuations common to traps 3
and 4 do not affect the mass ratio. In this measurement
scheme, trap 2 and 5 are used to park ions, which are
temporarily not measured. In this approach, trap 1 can
be used for a long-term monitoring of magnetic field fluc-
tuations or as a reference for the voltage source. To this
end, the cyclotron frequency of a permanently stored ion
with mass m3 can be monitored during the measurement
cycle.
The LabVIEW-based control and data taking system for
the different measurement sequences is based on the GSI
Control System (CS) framework [70,71].
6 Conclusion and outlook
A world-wide unique new Penning trap project for high-
precision mass measurements on highly charged, stable,
and long-lived ions up to uranium is presented, and the
planned experimental setup is described. A combina-
tion of five traps will allow - for the first time - fast
measurement cycles in which the ion exchange takes a
few hundred milliseconds, in combination with a con-
tinuous observation of the magnetic field fluctuations
during the whole measurement process. The benefits of
externally produced highly charged ions will be com-
bined with an advanced cryogenic trapping and non-
destructive ion detection system. Pentatrap aims for
high-precision mass-ratio measurements of mass doublets
with an uncertainty of a few parts in 1012. In 2012, the
complete facility will be assembled and extensive studies
of its performance will be carried out.
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